Mechanistic target of rapamycin complex 1 (mTORC1) is an intracellular kinase complex that regulates energy homeostasis and transcription. Modulation of mTORC1 has proven beneficial in experimental spinal cord injury, making this molecular target a candidate for therapeutic intervention in spinal cord injury. However, both inactivation and activation of mTORC1 have been reported beneficial for recovery. To obtain a more complete picture of mTORC1 activity, we aimed to characterize the spatiotemporal activation pattern of mTORC1 and identify activation in particular cell types after contusion spinal cord injury in rats. To be able to provide a spatial characterization of mTORC1 activation, we monitored activation of downstream target S6. We found robust mTORC1 activation both at the site of injury and in spinal segments rostral and caudal to the injury. There was constitutive mTORC1 activation in neurons that was biphasically reduced caudally after injury. We found biphasic mTORC1 activation in glial cells, primarily activated microglia/ macrophages. Furthermore, we found mTORC1 activation in proliferating cells, suggesting this may be a function affected by mTORC1 modulation. Our results reveal potential windows of opportunity for therapeutic interference with mTORC1 signaling and immune cells as targets for inhibition of mTORC1 in spinal cord injury.
INTRODUCTION
The serine/threonine protein kinase mechanistic target of rapamycin (mTOR) is the catalytic component of mTOR complex 1 (mTORC1), which controls energy homeostasis and impacts cell growth, motility, proliferation, and other transcription-dependent activities (18) . mTORC1 is known to play a role in tumor malignancies and has also been shown to play a role in several CNS pathologies, such as Alzheimer's disease, Parkinson's disease, ischemic stroke, and spinal cord injury (4, 33) . In experimental spinal cord injury, modulation of mTORC1 activity has been reported to result in decreased astrocyte reactivity, increased axonal sprouting and autophagy, and decreased pain; however, the beneficial effects of mTORC1 modulation have been produced by both inhibition and activation of mTORC1 (2, 7, 19, 34) . Because of the discrepancy between the effects of modulation, manner of modulation, and duration of altered mTORC1 activity, this promising therapeutic target is kept from advancing towards possible clinical applications. mTORC1 is also interesting in a translational context, as there is an inhibitor in clinical use for both Kaposi's sarcoma and transplantation (24, 36) . Furthermore, reports to date have for the most part focused on modulatory effects on single cell types, making assessment of overall effect of mTORC1 modulation difficult. Determining the cell types involved and the parameters of spatiotemporal mTORC1 activity after spinal cord injury in preclinical models should help determine whether any form of mTORC1 modulation constitutes a potential treatment for spinal cord injury.
Most investigations of mTORC1 activation in experimental spinal cord injury have focused on modulation of neurons and astrocytes, despite reports that mTORC1 impacts immune cell activity (24, 32) . Immune cells such as macrophages/microglia and neutrophils play pivotal roles in the pathophysiology of spinal cord injury (30) . The inflammatory response removes cell debris and contributes to wound healing; however, it also plays a role in tissue degeneration, which is considered detrimental to functional outcome (12, 16, 35) . Nevertheless, modulating the inflammatory response by changing cell type polarization, cell number, or degree of activity can instead promote regeneration and reduce pathology, thus improving functional outcome (1, 14, 28, 31) . The immune response therefore stands out as a central component in recovery from spinal cord injury, but it has not been the focus of previous studies of mTORC1 dynamics in experimental spinal cord injury.
To provide a more complete picture of spontaneous mTORC1 activity, we characterized the spatiotemporal activation of mTORC1 in different cell populations after experimental contusion injury to the spinal cord. Following a moderate contusion injury, we assessed mTORC1 activation by quantifying the immunoreactivity of phosphorylated S6, a downstream target of mTORC1 commonly used as a readout for its activity (27, 37, 39) . S6 phosphorylation was assessed in immune cells, neural progenitor cells, and proliferating cells, as well as neurons and astrocytes from 1 to 119 days post-injury.
MATERIALS AND METHODS

Spinal cord injury
Female Sprague Dawley rats (220-230 g; n = 40; Scanbur, Stockholm, Sweden) were anesthetized using 2% isoflurane. A laminectomy was performed at thoracic vertebra 10 and the caudal half of vertebra 9 to expose the dorsal surface of the spinal cord. A 10-g weight was then dropped from 25 mm onto the dorsal surface of the exposed spinal cord to induce a moderate contusion injury using a dedicated instrument (Impactor, Keck Center for Neuroscience, Piscataway, NJ, USA) as previously described (13, 17) . Postoperatively, animals were treated with antibiotics (0.6 mg/kg trimethoprim; Borgal, Hoechst AG, Friesoythe, Germany) for 7 days and analgesic (0.03 mg/kg buprenorphine; Temgesic, RB Pharmaceuticals Limited, Berkshire, UK) for 3 days. Bladders were manually emptied twice daily for the first 7 days, then once daily until bladder function was regained. Animals were housed three to a cage with a 12-h light/dark cycle and a room temperature of 24-26°C. Food and water were provided ad libitum. All experiments were performed according to the Declaration of Helsinki and were approved by the Northern Stockholm Ethical Committee.
Spinal cord preparation
Deeply anesthetized animals (40 mg/kg pentobarbital, i.p.; Nembutal, Apotektet, Stockholm, Sweden) were perfused with 50 ml calcium-free Tyrode's solution containing 0.1 ml heparin (5000 IE/ml) followed by 250 ml formalin/picric acid mixture (4% paraformaldehyde, 0.4% picric acid in 0.1 M phosphate buffer, pH 7.4) via the ascending aorta (n = 5 per time point). Spinal cords were dissected and postfixed for 1 h in the same fixative. The tissues were next transferred to 10% sucrose in 0.1 M phosphatebuffered saline, which was changed once per 4 days. Spinal cords were divided into five 7-mm segments, spanning 14 mm caudal and rostral to the injury site (also a 7 mm segment). Segments were embedded in OCT medium and frozen on dry ice, sectioned in a cryostat (Microm HM 500M; GMI, Ramsey, MN, USA), and mounted on gelatin-coated slides.
Immunohistochemistry
A phosphorylated S6 (pS6)-specific antibody (S235/236, Cell Signaling, Danvers, MA, USA) was used to monitor mTORC1 activation. Antibodies for neuronal nuclei (NeuN; Chemicon, Billerica, MA, USA), glial fibrillary acidic protein (GFAP; Dako), neuron-glial antigen 2 (NG2; Millipore, Billerica, MA, USA), OX-42 (Serotec Oxford, UK), ED1 (Serotec Oxford, UK), Ki-67 (BD Pharmingen Oxford, UK), and myeloperoxidase (MPO; Hycult Biotech, Uden, the Netherlands) were used to evaluate neurons, astrocytes, oligodendrocyte progenitors, microglia/ macrophages, activated microglia/macrophages, proliferation, and neutrophils, respectively. Primary antibodies were visualized using appropriate secondary antibodies (Cy3 or DyLight™ 488, Jackson Laboratories, Sacramento, CA, USA).
Spinal cord sections (20 μm) mounted on gelatin-coated slides were incubated with primary antibody at 4°C for 24 h. After washing, secondary antibodies were added and sections incubated for 1.5 h at room temperature. Primary and secondary antibodies were diluted in 0.3% Triton-X 100 in 0.1 M PBS. Slides were coated with an anti-fade agent (Prolonged Gold ® Invitrogen, Carlsbad, CA, USA) and were visualized using fluorescence microscopy (Nikon Eclipse TE3000, Surrey, UK) if only labeled with one marker or confocal microscopy (Olympus FV1000 CLSM, Hamburg, Germany) if double-labeled.
Image analysis
Cell counts, intensity measurements, and semiquantifications were performed on three sections per spinal segment per animal. From each 7-mm segment, sections from the central 3 mm were used for quantification, and for each time point, five animals were used. NeuN-and pS6-positive neurons were counted on double-labeled sections. pS6 immunoreactivity within the dorsal column was quantified using an appropriate image-processing program (FIJI, available at http://fiji.sc/About). Equal-sized areas placed in the same region were used to measure intensity, with background staining subsequently subtracted.
Statistical analysis
Two-tailed Student's t-tests were used for statistical analysis of intensity measures at cystic cavities and number of neurons below the injury. ANOVA with Bonferroni's multiple comparison test was used for statistical analysis of intensity measures at the dorsal column and number of pS6/NeuN-positive cells for all time points. Significance thresholds were determined as P < 0.05, P < 0.01, and P < 0.001. Localizations of pS6 immunoreactivity in different immunohistochemically defined cell types were semiquantified 1 and 42 days after injury, using one, two, or three plus signs to denote proportions of pS6 colocalization.
RESULTS
Biphasic reduction of S6 activation in neurons on injury
In uninjured tissue, constitutive pS6 immunoreactivity was found primarily in neurons of the ventral horns and in neuronal populations of the intermediate zone ( Figures 1 and 2A ), but not in dorsal horn neurons. After injury, pS6 immunoreactivity remained in the ventral horns caudal and rostral to the site of injury at all investigated time points and remained absent in neurons of the dorsal horns (Supporting Information Figure S1 ). In the intermediate zone of the gray matter caudal to the injury site, however, we found a biphasic reduction in number of pS6-positive neurons ( Figure 2B ). The first loss of pS6 immunoreactivity in intermediate-zone neurons was observed at day 1 post-injury, where the mean number of pS6-immunoreactive neurons 7 mm caudal to the injury was 50.3 ± 1.60, compared to 87.2 ± 3.36 in uninjured tissue (P < 0.001). This initial loss of pS6 immunoreactivity was followed by a transient increase in number of pS6 immunoreactive neurons, which peaked at 80.8 ± 2.39 on day 21 post-injury and was followed by a period of reduced numbers of pS6-positive neurons compared with uninjured spinal cords at days 42 and 56 post-injury. Seventeen weeks after injury (119 dpi), the number of pS6-immunoreactive neurons remained significantly reduced in the injured spinal cord compared with intact spinal cord (70.2 ± 2.44 and 87.2 ± 3.36, respectively; P < 0.01). A similar pattern was observed rostral to the injury site, although no significant difference was found compared with uninjured spinal cords 17 weeks after injury (Supporting Information Figure S2 ).
S6 phosphorylation in glial cells on injury
There was little constitutive pS6 immunoreactivity in white matter of uninjured spinal cords. However, injury induced a robust increase in S6 phosphorylation in many cell populations in the area of white matter tracts of the spinal cord rostral and caudal to the injury site ( Figure 1) . A biphasic pS6 increase was observed. A first increase of pS6 immunoreactivity seen at day 1 was reduced 7 days after injury to levels comparable with those in uninjured spinal cords. A second increase was observed to start 21 days after injury, this time more focused on specific regions such as the injury site, the cystic cavities, and the rostral dorsal column (Figure 1 ). This second increase in pS6 immunoreactivity was found to peak at 42 days after injury, followed by a decrease to control levels as observed 119 days after injury. During the biphasic increase of pS6 immunoreactivity, we identified pS6-immunoreactive astrocytes, oligodendrocyte progenitor cells, microglia, and activated microglia/macrophages in the rostral dorsal column and ventrolateral white matter ( Figure 3 , Supporting Information Figure S3 ).
First S6 activation in glial cells
The first increase in S6 phosphorylation was found for day 1 after spinal cord injury and had subsided by day 7 after injury. GFAP/ pS6-immunoreactive cells were found in white matter, primarily within the dorsal column ( Figure 3A , Supporting Information Figure S3A ). Only a few pS6/NG2-immunoreactive cells were found in the dorsal column; more cells were found in ventrolateral white matter ( Figure 3B , Supporting Information Figure S3B ). OX-42-immunoreactive cells had diverse morphologies ranging from spiny to round. Many rounded OX-42/pS6-immunoreactive cells were found in the dorsal column, while a higher number of ramified OX-42/pS6-positive cells were found in the ventrolateral white matter ( Figure 3C , Supporting Information Figure S3C ). ED1/pS6-immunoreactive cells were primarily found in the dorsal column ( Figure 3D , Supporting Information Figure S3D ).
Second S6 activation in glial cells
The second increase of S6 phosphorylation was found present at 21 days after injury and had subsided at 119 days after injury. Many GFAP/pS6 immunoreactive cells were found in the dorsal column ( Figure 3A , Supporting Information Figure S3A ). Few NG2/pS6-immunoreactive cells were found in the ventrolateral white matter ( Figure 3B , Supporting Information Figure S3B ). Many OX-42/pS6-immunoreactive cells of both round and spiny morphologies were found throughout white matter, with higher concentrations in the dorsal columns ( Figure 3C , Supporting Information Figure S3C) . A lower concentration of ED1/pS6-immunoreactive cells compared with OX-42/ pS6 immunoreactive cells was found throughout white matter ( Figure 3D , Supporting Information Figure S3D ).
Microglia/macrophages as predominant source of increased S6 phosphorylation
Microglia and macrophages were the predominant pS6-immunoreactive cell population during both identified periods of increased pS6 immunoreactivity after injury. At day 1 post-injury, a higher number of ED-1-immunoreactive activated microglia/ macrophages than OX-42 immunoreactive microglia colocalized with pS6 in direct proximity to or within the injury site ( Figure 4 ). The opposite was true in white matter rostral and caudal to the injury, in which a larger number of OX-42-immunoreactive microglia displayed pS6 immunoreactivity (Supporting Information Figure S3 ). Neutrophils, identified by MPO immunoreactivity, did not display pS6 immunoreactivity (Supporting Information Figure S4 ). Between 21 and 119 days post-injury, we found a similar pattern, although pS6/ED-1-immunoreactive microglia/ macrophages constituted the major pS6-positive population at the site of injury (Figure 4 ). pS6 immunoreactivity was also observed to be higher in spinal cords in which cystic cavities had been formed in the dorsal column caudal to injury, compared with those were none had formed ( Figure 5 ). In the dorsal column rostral to injury, cysts are less common, and this region is instead characterized by increased inflammatory activity. Here we found robust increase of S6 immunoreactivity already after 1 day, the average fluorescence intensity being 5.63 (SEM 0.41) vs. 0.26 (SEM 0.05) in control tissue (P < 0.001) ( Figure 6 ). Seven days after injury, we observe a dramatic reduction to almost control levels, followed by a second progressive increase (P < 0.05 at 21 days), peaking at 42 days (1.92 ± 0.11, P < 0.001). After 17 weeks pS6 immunoreactivity had again returned to levels comparable with those seen in uninjured animals. A similar pattern was found below the site of injury, though less pronounced (Supporting Information Figure S5 ). 
Early S6 phosphorylation in proliferating cells
Injury to the cord initiates proliferation of glial cells, and proliferation is a function associated with mTORC1 and S6 activation. At day 1 post-injury, cell proliferation was observed primarily within the ventrolateral white matter and the dorsal column, but also in gray matter. The majority of proliferating cells were pS6-immunoreactive except for those surrounding the central canal ( Figure 7 , Supporting Information Figure S6 ). From 7 days onward, few proliferating cells were found, and only single proliferating cells could be found to be pS6-positive during these later time points (Supporting Information Figure S7 ).
DISCUSSION
Here, we characterize mTORC1 activation after contusion spinal cord injury in rats (Table 1) . We used phosphorylation of the ribosomal protein S6 as a readout for mTORC1 activation, as it has been found responsive to mTORC1 inhibition using immunohistochemistry (7). We found that mTORC1 is constitutively active in neurons of the ventral horns and a subpopulation of neurons in the intermediate zone, with little activity seen in glial cells in the uninjured spinal cord. We observed that injury induced a biphasic decrease of mTORC1 activation in neuronal populations rostral and caudal to injury as well as a biphasic increase of mTORC1 activation in non-neuronal cells that was spatially oriented to regions of the spinal cord with the largest amount of pathology. Characterization of the glial cells with mTORC1 activity revealed that macrophages/microglia and astrocytes were the predominant populations. We also observed that proliferating cells constituted another significant population of cells with injury-induced increase of mTORC1 activity.
To date, studies of mTORC1 activity in spinal cord injury have focused on neurons and astrocytes (6, 26, 34) . Certain neuronal populations have previously been shown to have constitutive mTORC1 activation in CNS, and increasing activity in spinal cord injury models has improved neural sprouting (9, 19, 22, 25) . Instead, decreasing mTORC1 activity in neurons has been reported to induce autophagy, which is thought to help neurons survive traumatic insults (34) . However, prolonged autophagy may induce apoptosis and could be a reason for the observed loss of mTORC1 activity in neurons (8, 15) .
Astrocyte reactivity has been shown to decrease with mTORC1 inhibition. However, in our injury model astrocytes remained a small population, as did oligodendrocyte progenitor cells. These glial cells and microglia are known to proliferate during the first days after injury, and we found such proliferating glia to coexpress with phosphorylated S6, known to regulate cell cycle progression (21, 38, 40) .
Unexpectedly, we identified microglia/macrophages to be the largest population responsible for the biphasic increases in mTORC1 activity. The first part of the biphasic increase is derived from microglia inherent to white matter, while the second part originates from activated microglia/macrophages, mostly localized to the injury site where there has been infiltration of macrophages from the circulation (3, 29) . Activated microglia and macrophages are known to change cytokine expression profiles, activation state, and polarization according to level of mTORC1 activity (5, 20, 23, 32) . Identifying biphasic mTORC1 activation in microglia/ macrophages provide a possible opportunity to counter the endogenous mTORC1 activity and its effects on microglia/macrophages in the pathophysiology of spinal cord injury. Hence, this finding warrants further research into the function of mTORC1 in microglia/macrophages in spinal cord injury.
Immune cells are known to play a pivotal role in the progressive tissue destruction seen in spinal cord injury, but may also facilitate regeneration in spinal cord injury (10, 16) . mTORC1 activation immunoreactivity. Data presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. (19) , and might perhaps reverse the loss of mTORC1 activation we find in neurons bellow the injury. It is also interesting to note that axon regeneration can be synergistically promoted by convergent neuro-immune ligand signaling, and that several of these ligands share the mTOR signaling pathway (11) . The spatiotemporal characterization of mTORC1 activation provided here depicts mTORC1 activation in a pathological context and identifies microglia/macrophages as the major contributors to the biphasic increase after injury. While further research into the function of mTORC1 activation and its significance in spinal cord injury is needed, our findings suggest new windows of opportunity for advancing mTORC1 as a possible target for clinical application. 
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Data presented as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Figure S3 . Microglia show the greatest proportion of S6 phosphorylation among glial cells in the white matter. Representative pictures of ventrolateral white matter 7 mm rostral to the injury site at 1 and 21 days post-injury showing markers for astrocytes (A), oligodendrocyte progenitor cells (B), microglia (C), activated microglia/macrophages (D). Scale bar = 20 μm. Figure S4 . No S6 phosphorylation in neutrophils. Representative picture 1 day after injury at the injury site. Scale bar = 20 μm. Figure S5 . pS6 immunoreactivity in the dorsal column caudal to the injury site. S6 phosphorylation is biphasic in the dorsal column. A. Representative pictures of pS6 immunoreactivity in the dorsal column 7 mm below the injury site in the intact spinal cord and 1, 2, and 42 days after injury. Scale bar = 50 μm. B. Quantification of time course of pS6 immunoreactivity. Data presented as mean ± SEM. *P < 0.05; ** P < 0.01; *** P < 0.001. 
